There is compelling evidence for the critical role of twin boundaries in imparting the extraordinary combination of strength and ductility to nanotwinned metals. This paper presents a study of the thermal expansion of coherent twin boundaries (CTBs) at finite temperature by way of atomistic simulations. The simulations reveal that for all twin boundary spacings d, the thermal expansion induced stress varies as 1/d. This surprisingly long-range effect is attributed to the inhomogeneity in the thermal expansion coefficient due to the interfacial regions.
Introduction
Research over the past decade has provided compelling evidence that a novel class of materials known as nanotwinned metals may be the optimal motifs for the design of high-strength high-ductility materials [1] [2] [3] . Nanotwinned fcc metals are designed by the introduction of CTBs within ultrafine crystalline metals having a grain size of a few hundred nanometers. The typical twin lamella thickness within each grain ranges between 20 and 100 nm. The numerous studies performed till date reveal that the CTBs have a very high shear strength compared to most grain boundaries (GBs) and are also effective barriers to dislocation motion. This leads to a Hall-Petch type strengthening mechanism associated with GBs [4] [5] [6] . However, a unique feature of the CTBs is that the twin planes are also slip planes for fcc metals which enables them to accommodate large plastic strains by absorption of dislocations thus enhancing ductility [7] . In addition, experimental studies have revealed more promising characteristics such as good creep response, thermal stability, and radiation response [8] [9] [10] . Very recent studies have made it possible to fabricate nanotwinned nanowires with twin spacing on the order of a mere few angstroms which demonstrate extraordinary strength [11] [12] [13] . The smallest twin lamella in these specimens has only two atomic layers separating adjacent twin boundaries. While these superior nanostructures certainly open up exciting avenues for the applications of nanotwinned materials, they also call for a closer examination of the stability of these structural motifs especially at finite temperature. In this paper, we perform atomistic simulations at high temperatures to compute the thermal stress due to the presence of twin boundaries as a function of the twin boundary spacing and explain our results by means of a simple thermal expansion based analysis.
Simulation Method
Molecular dynamics simulations were performed on Cu based on the embedded-atom-method interatomic potential developed by Mishin et al. [14] using LAMMPS [15] . As shown in Fig. 1 , the nanotwinned specimens were oriented along the ½ 112; ½ 11 1, and ½ 1 10 crystallographic directions. Thus, the Y-direction was aligned normal to the plane of the twin boundaries. The simulation cell dimensions in the lateral (X and Z) directions were L x % 70 Å , and L z % 70 Å , with periodic boundary conditions applied in both directions. Simulations were performed for three different specimen heights, specifically, 124 Å , 248 Å , and 372 Å , to take into account any dependence of the stress calculations on the length in the normal direction. The CTB spacing was varied from 0.6 nm to 6 nm. Since the CTB spacing was kept uniform within a specimen, each specimen with constant height but different CTB spacing contained different number of CTBs.
The simulation cell was first relaxed at zero temperature using energy minimization. Keeping the atoms on the upper and lower boundaries fixed, the structure was equilibrated at 800 K by running molecular dynamics for 100 ps using the Nose-Hoover thermostat such that the stresses in the lateral directions were completely relaxed to zero. The virial stress formulation was used for estimating the average stress. We note that there is thermal stress in the Y-direction since it is not allowed to relax due to the fixed displacement boundary conditions at the top and bottom surfaces. In order to isolate the contribution of the CTBs to the calculated stress, we need to subtract the contribution of the thermal stress resulting in a single crystal. To this end, a corresponding single crystal specimen with identical dimensions, orientation, and boundary conditions was created and equilibrated as above. We thereby obtain the contribution of the twin boundaries to the thermal stress as
where r NT denotes the normal stress in the Y-direction calculated for the nanotwinned specimen and r SC denotes the normal stress in the Y-direction calculated for the corresponding single crystal specimen without CTBs. To assess the effect of the simulation cell size on the stress calculations, we also performed the simulation on a larger specimen with dimensions 210 Å Â 250 Å Â 240 Å . The results changed only negligibly.
3 Simulation Results Figure 2 shows the variation of the stress r as a function of 1/d, for specimen with different height H at 800 K. The relationship is linear and indicates that an increase in the CTB separation leads to a decrease in the thermal stress. For the different heights considered in our simulations, we also observe that for a fixed CTB spacing, the thermal stress r is independent of the height of the specimen, and hence the number of CTBs.
We now consider simulations in which the number of CTBs, N, is held constant while the CTB spacing, d, is varied. For the sake of illustration, Fig. 3 shows the atomistic structure of a typical specimen with three CTBs (N ¼ 3) and different d. In these cases, d is the CTB spacing and is also equal to the distance between the last CTBs and the adjoining top or bottom surfaces. Following the simulation procedure described above, we obtain the relationship between the thermal stress r and the CTB spacing d. The results for specimens with different number of CTBs are compiled in Fig. 4 . All the cases exhibit a 1/d dependence of the thermal stress due to twin boundaries at finite temperature. We also note that as N decreases, there is a decrease in the slope of the curves. This is possibly a result of size effects in specimens with very few atomic layers, and will be discussed again in Sec. 5. Nevertheless, taking together the simulation results shown in Figs. 2 and 4 , we observe that the linear dependence of the thermal stress on 1/d is rather insensitive to the number of CTBs or sample dimensions.
Analysis
Here, we investigate the role of the thermal expansion to explain the 1/d dependence of the thermal stress observed in simulations. Past research has shown that the thermal expansion coefficient of nanostructured metals is indeed different from their single crystal counterparts and is strongly grain-size dependent [16] [17] [18] [19] [20] . This is due to the change in the coefficient of thermal expansion in the proximity of the GBs owing to the mismatch in orientation. Following the work of Phillpot [16] , we consider a periodic or infinitely long nanotwinned structure as comprising of two parts: the interfacial region around the CTB and the bulk region that is single crystalline (Fig. 5) . We assume that each of these regions has a distinct thermal expansion coefficient denoted by a TB , and a SC , respectively. It is reasonable to assume that a TB and a SC are material properties which means that they are independent of the CTB spacing d. Since the stress in the Y-direction (normal to the CTBs) is uniform, the effective thermal expansion coefficient a NT for the nanotwinned structure can be calculated by adding the thermal expansion from the CTB region and the bulk region. Thus, we have
where K is the thickness of the interfacial region. This can be reduced to 
This is the difference between the thermal expansion coefficient of the nanotwinned structure and the single crystal structure. Assuming linear thermal expansion, linear elasticity yields the thermal stress as r ¼ aEDT, where E is the Young's modulus. Thus, Eq. (1) can be simplified as
which shows a linear dependence of the thermal stress on 1/d, consistent with the atomistic simulations presented earlier. In the above derivation, it was assumed that E NT % E SC which we have verified through molecular dynamics simulations. A series of simulations were performed on nanotwinned specimens shown in Fig. 3 by replacing the fixed boundary conditions in the Y-direction with periodic boundary conditions in all directions. The specimens were first equilibrated at 800 K under the NPT ensemble to relax the stresses and then subjected to uniaxial tension. The Young's modulus was obtained in each case as the slope of the stress-strain curve. For each CTB spacing, an identical simulation was performed on a corresponding single crystalline specimen. Figure 6 shows that the values of E NT and E SC converge for CTB spacing larger than 1 nm. Although some size effect is observed for spacings less than 1 nm, the difference is only about 4%, so our assumption that E NT % E SC remains valid. We note that this analysis can be used to estimate the thermal stress due to any type of GB. Indeed, previous studies have demonstrated that the thermal expansion coefficient of a general GB follows a 1/d dependence on the grain size or GB spacing [16, 20] . Thus, our study concludes that the thermal stress should exhibit a 1/d dependence for any interface and that it arises from the inhomogeneity in the coefficient of thermal expansion caused by the interfacial region around the CTB or GB.
Numerical Estimates
Based on the simulation results and the theoretical model discussed above, we now estimate the coefficient of thermal expansion for a CTB and compare it with available estimates for GBs. To this end, let m be the slope of the linear fit for r versus 1/d. Then, using the expression for the slope based on Eq. (4), we have
Since K is not known, we estimate the value of the product of the K parameter and the difference in the thermal expansion coefficients of the CTB and the single crystal. Normalizing the above expression with a SC and the lattice constant, a, we define j as
We use the following numerical values for Cu: a ¼ 3.615 Å (at 0 K), E SC ¼ 189 GPa (Fig. 6) , and a SC ¼ 16.934 Â 10 À6 /K (obtained from simulations). Thus, calculating the slope, m, from Fig. 2 and substituting in Eq. (6), we get
Similarly, calculating the slopes for the curves for different N from Fig. 4 and substituting in Eq. (6), we get j ¼ 0.1112 for N ¼ 3, j ¼ 0.1386 for N ¼ 7, and j ¼ 0.1502 for N ¼ 11. Note that the values for j approach that specified in Eq. (7) as N increases.
To investigate this size effect in specimens with fewer atomic layers, let us consider a finite nanotwinned structure with N CTBs in the interior similar to our simulation specimens which are nonperiodic in the Y-direction. Since the structure is finite (nonperiodic), it does not contain the interfacial regions of thickness K/2 on the ends of the specimen, unlike the structure in Fig. 5 which is periodic. Then, Eq. (2) is modified to
which can be written as
Thus, for very large N, Eq. (9) reduces to Eq. (2). Revisiting the results of Fig. 4 , we see that for fixed d, as N increases, the second term on the right hand side reduces and the curves eventually converge to that of Fig. 2 . Thus, the difference in the slopes in Fig. 4 arises due to finite size effects in specimen with very few CTBs. We finally calculate the thermal expansion coefficient for the CTB based on estimates for K for different interfaces available in literature. A previous study estimated the thickness of the interfacial region for a general GB in nanocrystalline Cu and Au specimens to be about 2a-3a [16] . Their atomistic simulations revealed that the thermal expansion coefficient of a twist GB in Au is about 80% greater than that of a single crystal for the smallest GB spacing considered. Experimental studies by Lu and Sui [20] reported the interfacial thickness of GBs in Ni-P alloys to be about 2 nm. Since CTB is a coherent, highly ordered interface, it is reasonable to assume that the interfacial thickness for a CTB would be much less than that of a GB. Indeed, in our recent work [21] using molecular dynamics simulations of the thermal fluctuations of CTBs, we show that the average thickness of a CTB is about 0.1-0.2 Å . Using K ¼ 0.1 Å in Eq. (7), we obtain a TB ¼ 7:4a SC This is consistent with the range for the thermal expansion coefficient of GBs reported by Lu and Sui [20] between 1.2 and 12 times that of a single crystal.
Concluding Remarks
In summary, we present molecular dynamics simulations to estimate the thermal stress due to the presence of parallel CTBs at finite temperature. Our simulations reveal that for all twin boundary spacings, d, the stress decays as 1/d. We present a simple analytical model to show that the 1/d dependence stems from the thermal stress in nanostructured materials due to the inhomogeneity in the thermal expansion coefficient of the matrix and the interfacial regions. It is also interesting to note that twin boundaries separated by a mere distance of about 6 Å lead to a thermal expansion induced stress of about 250 MPa which is surprisingly large. This possibly results from the large coefficient of thermal expansion of a CTB which is more than seven times greater than that of a single crystal. However, we note that these results are obtained for nanotwinned specimens when the thermal stress is not relaxed. If the thermal stress is relaxed completely, there will be no stress measured from simulations. The environment experienced by twin boundaries in real nanotwinned materials should be somewhere in between the two cases. This is because of residual thermal stress within the grains in a typical nanocrystalline structure resulting from the different thermal expansion of neighboring grains and the GB regions separating them [16] . Thus, the present work provides an upper bound to the thermal expansion induced stress in the presence of twin boundaries and other crystalline interfaces. We finally note that although our simulations and analysis should hold for GBs in general, our study focuses on twin boundaries owing to the fabrication of nanotwinned structures consisting of parallel twin boundaries with separation distances ranging from a few nanometers to a few angstroms.
